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cerebral I/R and treated with HRS have milder injury than 
I/R animals without HRS treatment. miR-210 expression in 
the hippocampus of the I/R group at 6, 24 and 96 h after 
reperfusion was significantly increased at each time point, 
while its expression in the group treated with HRS was 
significantly decreased. In addition, Tregs number in group 
I/R was decreased at each time points, while its number 
in the group treated with HRS was increased at 24 and 
96  h after reperfusion. We focus on the relationship among 
Tregs, TGF-β1, TNF-α and NF-κB at 24 h, and we found 
that there is a high correlation among them. Therefore, our 
results indicated that the brain resuscitation mechanism 
in the HRS-treated rats may be related with the effect of 
upregulating the number of Treg cells.
Keywords Global cerebral ischemia/reperfusion · 
Neuroprotection · Hydrogen · R gulatory T cells · 
MiRNA · Immuno-inflammatory response
Introduction
Global cerebral ischemia can cause severe central nervous 
system damage. However, the detailed mechanism is not 
fully known. Some studies suggest that activated immune 
cells can mediate the central nervous system injury and 
systemic immune inflammation, due to an early activa-
tion caused by acute cerebral ischemia and reperfusion [1]. 
These reactions are often accompanied by reactive oxygen 
species production, leading to NF-κB activation, which is 
involved in the activation of inflammatory gene promoters, 
and induction of inflammatory cytokines such as TNF-α 
[2]. Many studies have recently identified T lymphocytes as 
importan  mediators of ischemic brain damage, but the con-
tribution of the different T-cell subsets is still unclear [3]. 
Abstract Re ently, it has been sugg sted th t mol cular 
hydrogen (H2) can selectively reduce the levels of hydroxyl 
radicals (.OH), and ameliorate oxidative and inflammatory 
injuries to organs in global cerebral is h mia r erfusion 
models. Global cerebral ischemia/reperfusion (I/R) can 
induce a sudden activation of inflammatory cytokines and 
later influence the systemic immunoreactivity which may 
contribute to a worse outcome. Regulatory T cells (Tregs) 
are involved in several pathological aspect  of cerebral I/R.
In addition, miRNA took part in the processes of cell lar 
response to hypoxia. Since the expression of a specific set 
of miRNA called “hypoxamirs” is pregulated by hypoxia. 
Therefore, the aim of this study was to analyze the effect of 
HRS on I/R inducing cerebral damage, Tregs, and specific 
miRNA. Our results showed that rats undergone global 
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be a novel therapeutic approach to enhance recovery from 
I/R injury [17]. Moreover, we confirmed that the change of 
Treg, NF-κB and miRNA expression was correlated with 
the I/R injury degree and we analyzed their correlation. We 
also performed tests to evaluate TGF-β1 and TNF-α con-
centration to confirm Treg modified content results.
Materials and Methods
Animals and Groups
The experimental procedures were carried out in accor-
dance with the guidelines for the Care and Use of Labo-
ratory Animals published by the US National Institute of 
Health (NIH Publication No. 85–23, revised 1996) and was 
approved by the Institutional Animal Care and Use Commit-
tee of Nanjing University and the Jinling Hospital, Nanjing, 
China. Male Sprague–Dawley rats, aged 7 weeks, weighting 
280 ±20 g, were purchased from the Experimental Animal 
Central of Jinling Hospital. All animals were housed under 
a 12 h light/dark cycle with constant temperature and free 
access to standard rodent chow and tap water. All rats were 
fasted for 12 h with water ad libitum before the operation.
In total, 123 rats were used. Three rats died during the 
operation. Among the 120 rats that survived, eight showed 
seizure after 15 min of ischemia thus, they were excluded 
from this study. Therefore, 112 rats were randomly divided 
into three groups: (1) sham group: sham operation (14 
rats, T0); (2) sham + H2 group: sham operation plus HRS 
via intraperitoneal at the end of the operation (14 rats, T0, 
0.16 mol/kg); (3) I/R group: 6 (14 rats, T1), 24 (14 rats, T2) 
and 96 h (14 rats, T3) ischemia reperfusion plus physiologic 
saline (5 ml/kg, I/R); and (4) H2 group: 6 (1  rats, T1), 24 
(14 rats, T2) and 96 h (14 rats, T3) ischemia reperfusion plus 
HRS (0.16 mol/kg, I/R + H2). Either physiologic saline or 
HRS was intraperitoneally injected immediately after reper-
fusion and 6 h after reperfusion, respectively. The physi-
ologic saline and HRS was intraperitoneally injected over 
5 min [18, 19].
Global Cerebral I/R Model
Global cerebral I/R was induced using the four-vessel 
occlusion (4-VO) method, as previously described [20–22]. 
Only rats that were unresponsive and lost the pupillary light 
reflexes after carotid artery occlusion were considered ade-
quately ischemic. Animals that convulsed during and after 
the ischemic insult were not used in the experiments. The 
rectal temperature was maintained at 37 °C using a homeo-
thermic blanket during the whole experiment. The sham-
operated rats underwent anesthesia and vertebral artery 
occlusion without the common carotid arteries occlusion.
Tregs are a CD4+ subset, characterized by CD25+ exp ession, 
since immunoregulatory function is absent in CD4+CD25− 
cells. Moreover, CD4+CD25+ T cells are cha acterized by 
a Forkhead box P3 (FOXP3) gene high exp ession, which 
is induced and sustained in Treg cells by TGF-β signaling. 
CD4 + CD25+FoxP3+ regulatory T cells (T egs) are a compo-
nent of the immune system that suppress immune responses 
of other cells, thus considered anti-inflammatory cells that 
maintain immune tolerance and counter ct tissue damage 
in a variety of immune-mediated disorders [4]. Some stud-
ies demonstrated that Tregs infiltrate ischemic-reperfused 
organs during the healing process promoting repair, likely 
through modulation of pro-inflammatory cytokine produc-
tion by other T cell subsets [5]. However, the rol  of Treg 
in the process of cerebral ischemia/reperfusion (I/R) has not 
been fully elucidated.
Hydrogen (H2), an agent that has antioxidant and anti-
inflammatory properties, has been suggested as a potent free 
radical scavenger, since it selectively reduces the hydroxyl 
radical, the most cytotoxic radical among the r active oxy-
gen species [6, 7]. Ind ed, many previous studies confirmed 
that hydrogen can effectively protect ag inst tissue damage 
both in vivo and in vitro, in luding transient cerebral isch-
emia, neonatal cerebral hypoxia-ischemia, carbon monoxide 
toxicity, sepsis, traumatic brain injury, Parkinson’  iseas  
and myocardial injury induced by I/R; however, the possible 
mechanism and signaling pathway is unclear [8–12].
MicroRNAs are a class of endogenous ~22 nt noncoding 
RNAs that can regulate gene expression at a transcriptional 
and/or post-transcriptional level by indirect regulation of 
transcription factors, post-tra script onally by inducing 
mRNA degradation, or directly inhibiting the translation 
[13]. Several studies have showed that miRNA expression 
profile in cerebral ischemia-reperfusion injury is signifi-
cantly changed, suggesting their implicat on in this dis-
ease process [14–16]. Studies over the ast few y ars have 
confirmed that there is a variety of miRNA expression on 
T cells. These miRNAs play an important role in the regu-
lation of development, maturat on, d fferentiation, func-
tion and various other aspects of T cells growth. Activated 
CD4 + T cells and Treg miRNA expression profiles are very 
similar. The above mentioned miRNA are prob bly taking 
part in the regulation of nuclear transcription factor or other 
functional genes associated with activated T cells. Despite 
that, the miRNA specific function and role in the CD4+ T 
cells and Treg is unclear.
Numerous data suggest that hydrogen ri h saline (HRS) 
could have a therapeutic effec  on. I/R injury by involving 
anti-inflammatory and anti-oxidative mechanisms [9]. How-
ever, the effects of HRS on Treg and miRNA xpression 
during I/R have not yet been reported. The present study 
provided evidence of HRS cerebroprotective effects in rats 
subjected to cerebral I/R injury, uggesting hat HRS could 
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and stored at 4 °C for 2 h. Coronal brain slices containing 
hippocampus of about 5-mm thick were cut and embedded 
in paraffin. The brain slices were sequentially cut into 4-μm 
thick sections for further immunohistochemical staining and 
hematoxylin and eosin staining (HE).
Pyramidal Cell Morphology and Cell Count Detection
Half of the aforementioned 4-μm thick sections were stained 
with HE for light microscope observation. The CA1 area of 
the hippocampus from each animal was captured and Imag-
ing-Pro-Plus (Leica DMLB, Solms, Germany) was used 
to perform cell number quantitative analysis. Histological 
changes in the CA1 hippocampus sections were evaluated 
by a blind rater under an optical microscope. Four fields 
(×400) were sequentially selected for each section, and the 
numbers of pyramidal cells present inside were counted. 
Normal pyramidal cells have relatively big cell body, rich 
in cytoplasm, with one or two big round nuclei. In contrast, 
damaged cells show shrunken cell body, condensed nuclei, 
dark cytoplasm, and many empty vesicles.
Immunohistochemical Staining
The remaining half of the 4-μm thick sections underwent 
standard immunohistochemical staining. The slices were 
incubated with 3 % H 2O2, 3 % normal goat serum and incu-
bated with primary antibodies in 0.01 mol/l phosphate-
buffered saline at 4 °C overnight. Rabbit anti-rat NF-κB 
p65 antibody (1:50, Cell Signaling Technology, USA), and 
rabbit anti-rat IgG-HRP antibody (1:100, Cell Signaling 
Technology, USA) were used. Immunohistochemistry was 
performed via the avidin biotin technique, and hematoxylin 
was selected as counterstaining. The secondary antibodies, 
secondary biotinylated conjugates and diaminobenzidine 
were from the SP rabbit kit (Cowin Biology Technology 
Company, China). An examiner blinded to the experimental 
groups counted the NF-κB positive cells under a BX53 light 
microscope (Olympus, Japan). For each sample, four fields 
(×400) were sequentially selected for each section, and the 
numbers of positive cells were counted. The average posi-
tive cells of each slice were obtained by dividing the sum of 
the positive cells counted from each field by four. The aver-
age of each sample was used for statistical analysis.
Preparation of Hippocampus Tissues
At 24 h reperfusion, three rats were anesthetized (10 % chlo-
ral hydrate, 400 mg/kg, i.p), and systemic circulation was 
perfused with 0.9 % saline on ice until their eyes and paws 
were pale. The rats cerebral cavity was carefully opened, and 
the hippocampus was immediately removed. Hippocam-
pus tissue was homogenized with 9 volumes of 4 °C saline 
HRS Preparation
HRS was prepared as previously desc b d [23] using an 
equipment provided by the Department of Diving Medicine, 
the Second Military Medical University, China. HRS wa  
stored under atmospheric pressure at 4 °C in an aluminum 
bag with no dead volume and was sterilized by gamma radi-
ation. Gas chromatography was used to confirm the hydro-
gen level content in the saline by the method described by 
Ohsawa et al. [24]. HRS was freshly prepared every week 
to ensure that the hydrogen concentr tion of ore than 
0.8 mmol/L was maintained.
Behavioral Test
To investigate the neurobehavioral manifestation  after 
global cerebral I/R, Neurological Severity Scores (NSS) 
were evaluated in all the rats of each group at T0, T1, T2
and T3. The test was performed by inspectors blinded to
the groups. According to the NSS, the n urological func-
tion was evaluated on a scale of 0–18: moveme t/activity 
(no spontaneous movement = 0; sluggish movement = 1; 
normal movement = 2); respirations (irregular breathing 
pattern = 0; decreased breathing frequency with normal pat-
tern = 1; normal breathing frequency and pattern= 2); con-
sciousness (no reaction to pinching of tail = 0; p or re po se 
to tail pinch = 1; normal response to tail pinch = 2); coordi-
nation (failure in 1 cm wide beam balancing task and bal-
ances with steady posture, paws o  op of be m= 1; grasps 
sides of beam and/or has shaky movement = 1; one or more 
paws slip off beam = 1; attempt to balance on beam bu
falls off = 1; drapes over beam and/or hangs on beam and 
falls off = 1; falls off beam with no atte pt to balance or 
hang on = 1); and corneal reflex (no blinking = 0; slu gi h 
blinking = 1; ormal blinking = 2). A score of 13–18 points 
indicates severe injury; 7–12 moderate injury; and 1–6 mild 
injury [25, 26].
Preparation of Brain Slices in the CA1 Area of the 
Hippocampus
The brain tissues of three rats in each group were harvested 
at T0, T1, T2 and T3. The rats were anesth t zed with 2 % pen-
tobarbital (0.3 ml/100 g body weight, i.p.), per used through 
the systemic circulation with cold 0.9 % saline (4 °C) until
the backflow fluid in the right atrium was clear, and their 
eyes and four paws were pale, then perfused through sys-
temic circulation again with 00 ml 4 % p r formaldehyde 
(PBS 0.1 M, pH 7.4). Then the cerebral cavi y was care-
fully opened and the brain was quickly removed. Approxi-
mately 6-mm thick coronal brain tissues were tak n with 
up to 1–2 mm of cerebellum. The coronal brain ti sue was 
immersed in 4 % paraformaldehyde (PBS 0.1 M, pH 7.4) 
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Splenocyte Culture In Vitro
Spleens were harvested simultaneously with blood samples 
under sterile conditions. A single-cell suspension was pre-
pared by passing the tissue through a 200 µm nylon mesh 
screen. The filtrate was washed using RPMI 1640 (Gibco-
Invitrogen, Carlsbad, CA, USA) and then centrifuged to 
remove the supernatant. Red cells in the centrifuged sample 
were lysed using red cell lysis buffer and the supernatant 
obtained by centrifugation (1200 rev/min) was removed. 
Red blood cells were removed from splenocytes then 
washed with RPMI 1640, counted and adjusted to 5 × 106 
cells/ml in RPMI medium, which we called spleen blood 
mononuclear cell (SBMC) [29]. SBMC were filtered in a 
sterile nylon column and the opaque filtrate was harvested 
in culture plates. The culture plates were incubated for 72 h 
at 37 °C and 5 % CO 2. After 3 days, the supernatants were 
harvested and stored at −80 °C for cytokines detection by 
ELISA assay.
Enzyme-Linked Immunosorbent Assay
Quantitative TGF-β1 level determination in the spleen and 
TNF-α in the hippocampus were evaluated using a standard 
ELISA according to the manufacturer’s instructions (ELISA 
Set, R&D Systems). Values were expressed in pg/ml. Opti-
cal density was measured at 450 n  within 10 min nd 
protein concentrations were determined using a provided 
standard curve.
Statistical Analysis
Data were expressed as the mean ± SD. St tistical analy-
sis was carried out using the SPSS Statistics 13.0 (SPSS 
Inc., Chicago, IL, USA). Differences between multiple 
groups were analyzed by the one-way analysis of variance 
(ANOVA). Changes between experimental groups were 
determined by the Dunnett’s T3 post hoc test. Bivariate 
analysis was performed to evaluate the reliability of miR-
210, miR-21, Treg, TGF-β1, NF-κB, TNF-α and the cere-
bral ischemia-reperfusion injury severity; the correlation 
coefficient was r. A value of P < 0.05 was considered statis-
tically significant.
Results
HRS Reduced Global Cerebral I/R Damage
To investigate the effect of HRS on the global cerebral 
I/R in rats, behavioral test at T1, T2 and T3, quali ative and 
quantitative analysis of pyramidal cell were performed at 
T 0, T1, T2 and T3. Compared with the sham and sham + H2 
into 10 % tissue homogenate and centrifuged at 3000×g for 
20 min. The supernatant was collected for TNF-α detection.
Total RNA Isolation and Real-Time RT-PCR
Four rats in each group were used for miRNA analysis. The 
hippocampus was lysed and total mRNA was isolated using
the Trizol reagent, according t  the man facturer’s protocol 
(Life Technologies Corporation, Netherlands). Total mRNA 
was reverse-transcribed into cDNA using RevertAid first 
Strand cDNA Synthesis Kit (Invitrogen, Frederick, MD, 
USA) for Quantitative PCR (TaKaRa Bio Group, Japan) in 
the presence of a fluorescent dye (SYBR Green I, Cwbio). 
miR-210 and miR-21 were reverse-transcribed and PCR
primers were designed in referen e to he me hod of Chen 
et al. [27, 28]. U-87 was used as an interna  referenc . RT-
qPCR was used to analyze miR-210 and miR-21 xpres-
sions at 6, 24 and 96 h. Primer sequ nc s were as foll ws:
miR-210 Rt-PCR primer: GTCGTATCCAGTGCAGGG 
TCCGAGGTATTCGCACTGGATACGACTCAGCC; 
upstream primer: AGCGTGCTGTGCGTGTGAC; 
downstream primer: CAGTGCAGGGTCCGAGGTAT 
T. The length of amplified products was 64 bp.
miR-21 Rt-PCR primer: GTCGTATCCAGTGCAGGGT 
CCGAGGTATTCGCACTGGATACGACTCAACA; 
ipstream primer: GCCGCGTAGCTTATCAGACT; 
downstream primer: CAGTGCAGGGTCCGAGG-
TATT. The length of amplified products was 61 bp.
U87 Upstream primer: ACAATGATGACTTATGTT 
TTT; downstream primer: GCTCAGTCTTAAGATTCT 
CT. The length of amplified products was 72 bp.
Flow Cytometry Analysis
Blood samples of four rats we e coll cted t T0, T1, T2 and 
T 3 for cell population analysis by flow cytometry. Venous 
blood (approximately 50 μl) was harvested from the eyes 
of anesthetized rats and collected in he a iniz ubes. All 
blood samples were washed once in phosphate-buff r d 
saline (PBS) containing 1 % fetal calf serum (FCS) and 
stained with the following combination of fluorescently 
labeled anti-mouse monoclon  antibodies (eBioscience, 
San Diego, CA, USA): anti-CD4 and anti-CD25 for 15 min. 
After surface staining, the samples were permeabilized 
by incubation with the fixation/permeabilization buffer 
(eBioscience, San Diego, CA, USA) and incubated with 
anti-Foxp3 monoclonal antibody (mAbs) for 30 min. Aft r 
incubation with anti-Foxp3, cells were analyzed by flow 
cytometry using a Becton Dickinson (BD) FACS Caliber 
and Cell Quest Software (BD Biosc ences, San Jose, CA, 
USA). Isotype-matched antibodies were used as controls for 
all samples.
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hippocampus of the I/R group revealed occasional nuclear 
atypia at 6 h after reperfusion although the cell arrangement 
was still the usual one of the controls. However, at 24 h 
after reperfusion the pyramidal cells were loosely arranged 
and the number of dead cells was increased. At 96 h after 
reperfusion the pyramidal cells showed a large number of 
intracellular vacuoles and they are sparsely arranged, their 
nuclei were condensed. On the other hand, the cells in the 
CA 1 area of the hippocampus of the H2 group were closely 
and neatly arranged at 6 h after reperfusion. At 24 h after 
groups, NSS increased in bot  I/R and H2 groups at each 
time point after reperfusion. However, the NSS in the I/R 
group was higher than H2 roup at T2 and T3 (P < 0.05) 
(Fig. 1a). Indeed, the I/R group show d a time-dependent 
NSS increase, while the H2 group s owed a NSS incr ase at 
T1 followed by a decrease at T2 and T3 (P < 0.05).
The pyramidal cells in the CA1 area of the hippo amp s 
of the rats belonging to the sham and sham + H2 gr ups were 
close to each other and neatly arranged. Compared with the 
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6h Group I/R × 400 24h Group I/R × 400 96h Group I/R × 400
96h Group H2 × 40024h Group H2 × 4006h Group H2 × 400
Group Sham+H2 × 400
CA1
×40
Fig. 1 Hydrogen-rich saline 
(HRS) reduces brain injury 
after global cerebral I/R in rats. 
a NSS is increased at the three 
time points after I/R vs the 
Sham and Sham + H2 groups. 
HRS decreased brain injury 
at 24 and 96 h. *P < 0.05 vs 
sham and Sham + H2 groups, 
#P < 0.05 vs I/R group. Val es 
are expressed as mean ± SD, 
n = 14. b Pyramidal cells in the 
CA 1 area of rat hippocampus 
from the four treatment groups 
at different time points. c The 
number of pyramidal cells in 
the CA1 area of the hippocam-
pus at 6, 24, and 96 h after I/R 
with or without HRS; *P < 0.05 
vs Sham and Sham + H2 groups, 
#P < 0.05 vs I/R group. Values 
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correlated with the pyramidal cells number in the CA1 area 
of the hippocampus at 24 h after reperfusion (P < 0.05, Pear-
son correlation coefficient r = −0.65 and P < 0.05, r = −0.84, 
respectively).
HRS Influenced Immune System Response After I/R
To determine whether HRS could influence the immune sys-
tem response after global cerebral I/R in rats, regulatory T 
cells in the periphery and the concentration of spleen TGF-
β1 from each group were evaluated at 6, 24 and 96 h by 
flow cytometry and ELISA. Compared with the sham and 
sham + H2 groups, the Treg cell population was decreased in 
the I/R group at T1,T2 and T3 time points (P < 0.05). The Treg 
cell population was decreased in the H2 group at T1 time 
point (P < 0.05), compared with group I/R Treg cell popula-
tion that was increased at T2 and T3 time poin s in group H2 
(P < 0.05) (Fig. 3a, b). TGF-β1 expression was decreased in 
the I/R group at T1,T2 and T3 ime points compared with 
the sham and sham + H2 groups (P < 0.05). TGF-β1 expres-
sion was increased at T2 and T3 time points in the H2 group 
compared with the I/R group (P < 0.05) (Fig. 3c). Treg were 
positively correlated with TGF-β1 expression in all the 
groups (P < 0.05,r = 0.607). NF-κB expression in the hip-
pocampus (an important pro-inflammatory mediator), and 
TNF-α concentrations in the hippocampus from each group 
were evaluated at 24 h by immunohistochemical staining 
and ELISA. NF-κB positive cell numbers in the CA1 area 
reperfusion, sporadic pyramidal cell death was observed 
while the arrangement was still t e usu l one of the con-
trols. At 96 h after reperfusio  some pyramidal cells showed 
karyopyknosis and cell death was increased, although a nor-
mal arrangement of the pyramidal cells was still visible and 
the cell damage was less promin t than he I/R group at 
96 h (Fig. 1b).
Compared with the sham and sha  + H2 groups, the num-
ber of pyramidal cells in the CA1 area of the hippocam us at 
6, 24 and 96 h after reperfusion in both the I/R and H2 group 
was significantly decreased (P < 0.05) in a time-dep ndent 
manner. On the other hand, the ell number in group H2 was 
significantly higher at 24 and 96 h after reperfusion com-
pared with the I/R group (P < 0.05) (Fig. 1c).
HRS Regulated miR-210 and miR-21 in the
Hippocampus After I/R
Since increasing evidence suggests that miRNA x ression 
profile in cerebral I/R injury changes significantly, miR-
210 and miR-21 in the hippocampus were measured at 6, 
24 and 96 h after reperfusion. Compared with the sham 
and sham + H2 groups, miR-210 and miR-21 expr ssion in 
group I/R was significantly increased at 24 and 96 h after 
reperfusion (P < 0.05), while miR-210 and miR-21 expres-
sion in group H2was significantly decreased at 24 and 96 h 
compared with group I/R (P < 0.05) (Fig. 2). The expres-























































Fig. 2 MicroRNA-21 and 
MicroRNA-210 expression are 
altered in the hippocampus after 
I/R. a miR-21 expression by 
qRT-PCR analysis of total RNA 
isolated from hippocampal 
tissue harvested at the indicated 
times after injury. miR-21 
expression in the hippocampus 
at 6, 24, and 96 h after I/R with 
or without HRS; *P < 0.05 vs 
Sham and Sham + H2 groups, 
#P < 0.05 vs I/R group. Values 
are mean ± SD, n = 4. b miR-
210 expression by qRT-PCR 
analysis in the hippocampus 
at the indicated times after 
injury. *P < 0.05 vs Sham and 
Sham + H2 groups, 
#P < 0.05 vs 
I/R group. Values are expressed 
as mean ± SD, n = 4
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of HRS at 6 h after cerebral I/R was more efficient than an 
intraperitoneal injection during reperfusion. Some research-
ers have found that immediately after cerebral ischemia 
and reperfusion, cellular oxidative phosphorylation capac-
ity was reduced, inflammatory cells were activated, large 
amounts of inflammatory cytokines and reactive oxygen 
species were released, then inflammatory cytokines in the 
brain tissue peaked at 6 h after reperfusion [31, 32]. In this 
study, we choose to perform a HRS intraperitoneal injection 
immediately after reperfusion and 6 h after reperfusion to 
treat cerebral I/R injury in rats.
Cerebral I/R can cause serious neuronal injury and death, 
which can further lead to learning and memory impairment 
and neurodegeneration. The pyramidal neurons in the CA1 
area of the hippocampus are essential for spatial learn-
ing and memory functions. When suffering from cerebral 
ischemia insult, the hippocampal pyramidal neurons are 
the most vulnerable to the reduction of blood supply to the 
of the hippocampus at 24 h in the H2 group were higher than 
the sham and sham + H2 groups, but significantly lower than 
the I/R group (P < 0.05, Fig. 4a, b). TNF-α concentrations at 
24 h in the hippocampus of the H2 group were also higher 
than in the sham and sham + H2 groups but significantly 
lower than in the I/R group (P < 0.05, Fi . 4c).
Discussion
HRS Reduced I/R Brain Injury
Hydrogen is a potent free radical scavenger that is thought 
to induce protective effects through anti-oxidativ st ess 
and apoptotic pathways. Our p vi us stud es de on trated 
that hydrogen (H2) reduced radiation- duced caspase-3 and 
Bax activation, and enhanced b l-2 levels after cerebral I/R 




























































Fig. 3 Regulatory T cells in 
the periphery and TGF-β1 
spleen level in each group 
were respectively evaluated by 
flow cytometry and ELISA. a 
Treg cell numbers at 6, 24, and 
96 h after I/R with or without 
HRS; *P < 0.05 vs Sham and 
Sham + H2 groups, 
#P < 0.05 
vs I/R group. Values are 
mean ± SD, n = 4. b Flow cytom-
etry assay at 24 h after I/R. c
TGF-β1 in the spleen at 6, 24, 
and 96 h after I/R with or with-
out HRS; *P <0.05 vs Sham and 
Sham + H2 groups, 
#P < 0.05 vs 
I/R group. Values are expressed 
as mean ± SD, n = 4
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radicals easily react with DNA, proteins and lipids, to evoke 
disastrous cytotoxic effect [32].
Studies have reported that miRNA is involved in the pro-
cess of cellular responses to hypoxia. In recent years, many 
independent studies have demonstrated that the expression 
of a specific set of miRNA is upregulated by hypoxia. These 
uniquely induced miRNA were termed as “hypoxamirs”, 
and they appear to control a network of multiple processes 
during the hypoxic response [35]. Many studies have iden-
tified miRNA-210 (miR-210) as a unique hypoxamirs that 
is robustly and ubiquitously induced in both transformed 
and primary cell types [36, 37]. MiR-21 is an effective anti-
apoptotic factor and its main function is to act on a speci-
fied pro-apoptotic gene. Aberrant miR-21 expression has 
been reported in traumatic brain injury and increased miR-
21 expression has been linked to increased cell survival, 
growth, and proliferation and decreased apoptosis [38, 39]. 
Our data showed that miR-210 expression was up-regulated 
after 15 min ischemia and 6 h reperfusion, and the elevated 
miR-210 expression peaked at 96 h post-injury. The trend 
of miR-21 expression was similar to that of miR-210. When 
the cerebral I/R injury was treated with HRS immediately 
after reperfusion, miR-210 and miR-21 expressions were 
decreased significantly at 24 and 96 h. Our results of an 
brain, and cell death occurs ays after the ini ial ischemic 
insult, a phenomenon terme  “delayed neuronal death” 
[33]. Currently, the mechanisms of neuronal injury and 
death induced by cerebral I/R are not completely k own, 
and therefore an effective th rapy for isch mic c rebral 
damage has remained elusive. In this study, HRS signifi-
cantly increased the number of surviving lls in the rats I/R 
CA1 area of the hippocampus compared with the I/R group. 
Similarly, the test of neurobehavioral test confirmed that 
HRS reduced I/R brain injury. This protective effect could 
be due to the diffusion rate of HRS. Indeed, hydrogen ha  
a good diffusion rate, can easily penetrate he blood–brain 
barrier, and reach the deep brain ssue, and it is also able to 
reach the site of injury before revascul rization to remove 
toxic oxygen free radicals [34].
HRS Modulated miR-210 and miR-21 Expression
Ischemia disrupts the balance between endog no  xi-
dants and antioxidants and overproduces toxic fre  r dicals, 
thus plenty of ROS are generated during an acute ische c 
stroke. Reperfusion also comes with massive production of 
reactive oxygen species (ROS) and active nitrogen spe-
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Fig. 4 NF-κB immunohisto-
chemical staining and positive 
cell counts, and TNF-α concen-
tration in the hippocampus. a 
NF-κB immunohistochemical 
staining in the hippocampus in 
rats at 24 h after I/R. b NF-κB 
positive cell counts in the CA1 
area of the hippocampus at 24 h 
after reperfusion. *P < 0.05 vs 
Sham and Sham + H2 groups, 
#P < 0.05 vs I/R group. Values 
are mean ± SD, n = 3. c TNF-α 
concentration in the hippo-
campus at 24 h after reperfu-
sion. *P < 0.05 vs sham group, 
#P < 0.05 vs I/R group. Values 
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cytokines play important roles in the neuropathology of 
brain I/R injury, and the reduction of inflammation was cor-
related with neuroprotective effects [45]. A study by Tian 
et al., reported that HRS treatment of TBI (traumatic brain 
injury)-challenged rats decreased the levels of pro-inflam-
matory cytokines (TNF-α, IL-1β and HMGB1), inflam-
matory cell numbers (Iba1) and inflammatory metabolites 
(Cho) and increased the levels of an anti-inflammatory cyto-
kine (IL-10) in the brain tissues of TBI-challenged rats [18]. 
In this study, NF-κB in the hippocampus as an important 
pro-inflammatory mediator and TNF-α concentration in the 
hippocampus were evaluated. During reperfusion, the pro-
duction of reactive oxygen species increased over a short 
period, activating NF-κB. Once activated, NF-κB combines 
with the gene promoters that are involved in inflammation, 
leading to the production of inflammatory cytokines, among 
which the most representative is TNF-α [46]. We found 
NF-κB expression and TNF-α concentrations in the hippo-
campus were significantly reduced by HRS in I/R rats at 
24 h after reperfusion. Simultaneously, the number of Treg 
cells, as important anti-inflammatory mediators, and TGF-
β1 concentration, as an anti-inflammatory cytokine, mark-
edly increased in the rats treated with HRS compared with 
the I/R group. However, there may be many interactions 
between the central immunity and the peripheral immunity. 
HRS suppressive effect on immunity might be related to an 
immunosuppression effect. The exact mechanism still needs 
further studies.
Recently, it has been reported that more miRNAs are 
involved in the regulation of the immune system, dem-
onstrating that miRNAs modulate many aspects of the 
immune responses such as differentiation, proliferation, cell 
fate determination, function of immune cells, and cytokine 
responses, as well as the intracellular signaling pathways 
[47]. Some miRNAs have the potential to broadly influence 
the molecular pathways that control the development and 
function of innate and adaptive immune responses. Some 
study found that miR-210 was down-regulated in Tregs 
compared with controls and it has potential target sites in 
the 3-UTR of FOXP3. FOXP3 expression is negatively 
regulated by miR-210 direct binding to their two target sites 
in its 3-UTR [48]. Therefore, further in-depth study about 
miRNAs and Tregs will be performed.
In summary, the present work provided some evidence in 
support of the hypothesis that HRS could offer a neuropro-
tective effect on acute global cerebral I/R damage. In par-
ticular, HRS beneficial effects against I/R injury were likely 
exerted by Treg, TGF-β1 up-regulation and miR-21, miR-
210, NF-κB and TNF-α down-regulation. Therefore, HRS 
provided an effective pharmacological effect of potential 
therapeutic applications for future treatment of acute global 
cerebral ischemia and reperfusion.
increased miR-210 and miR-21 af er I/R injur and their 
decrease in the HRS treated r ts, together w th he histo-
logical examination and behavioral test r sults shown in our 
study, suggested that miR-210 and miR-21 may be consid-
ered markers of cerebral I/R njury.
HRS Regulated Immune System Response After I/R
Originally thought to be completely separated from th  
peripheral immune system, it  now recognized tha  acti-
vated immune cells can access the br i  without requir-
ing local trauma [25]. The mechanisms that gul te he 
immunity response after cerebral ischemia are multiple. An 
important component of the mechanisms is h overactive 
immune responses that can lead to CNS damage with wide
and far-reaching consequenc s o survival [40]. Therefore, 
it is vitally important to maintain the mmune balance to 
reduce brain damage. The spleen is an important immune 
organ that consists of aggregat s of ymphoid tissue [41], 
and therefore was chosen for analysis of representative 
immunological functions in this study. Regulat ry T cells 
(Tregs) are antigen specific, possessing T-cell receptors, 
and they possess a suppressive fu tion. Indeed, they mod-
ulate the immune system, maintain t leranc  to self-anti-
gens, abrogate autoimmune disease and suppress i mune 
responses of other cells [42]. This is an important “self-
check” built into the immune system to prevent excessive 
reactions. In rats and human, T eg cells are mainly distrib-
uted in the peripheral blood and spleen, with a perc ntag  of 
approximately 5–10 % p ripheral CD4+T cells [43]. I  this 
experiment, Treg cells number in the rats after I/R decreased
significantly at different time points. It is noteworthy that 
Treg cells number continuously declined in the I/R group 
while markedly increased in the rat  treated with HRS at 
24 h after reperfusion. We hypothesized that at reperfu-
sion 24 h, the vivo immune suppression on the rise in rats 
treated with HRS. The suppressio  of a  veractive immune 
response can reduce CNS damage.
TGF-β1 is an important immunomodulatory cytokine, 
which has a strong immunosuppressive activity. Experi-
ments in vivo and in vitro confirmed that TGF-β1 can signif-
icantly reduce nerve cells death and palliate inflammatory 
injury after cerebral ischemia. Treg cells can secrete TGF-β1 
while TGF-β1 can down-regulate Treg cells to suppress T 
cell responses and maintain immune tolerance [44]. In this 
experiment, the number of Treg cells and TGF-β1 expres-
sion were positively correlated, which also confirmed the 
relationship between Treg and TGF-β1.
Ischemia/reperfusion disrupts the bala ce betwe n sys-
temic immunity and reactive inflammatory cytokines, thus 
free radicals/oxidants released by inflammatory cells can 
severely threaten tissue viability in the brain. Inflammatory 
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